ABSTRACT
INTRODUCTION

obstacles.
115
Only recently has the SBFEM been applied to wave diffraction in which the radiation condi-116 tion at infinity is required to be satisfied by both the incident and scattered waves. Li et al. (2004) cretized on the circumference of the cylinders are shown to be sufficient to obtain accurate results.
144
Finally, detailed numerical results on wave forces and surface elevations over a broad range of 145 incident short-crested wave parameters as well as structure configurations including the porosity 146 of the exterior cylinder and the annular gap between the two cylinders are presented.
147
MATHEMATICAL FORMULATION
148
Consider a monochromatic short-crested wave train propagating in the direction of the positive region Ω j (j = 1, 2).
160
Assuming the fluid to be inviscid, incompressible and the flow to be irrotational, the fluid 161 motion can be described by a velocity potential Φ j satisfying the Laplace equation
subject to the combined free surface boundary condition
and the bottom condition
where the comma in the subscript designates partial derivative with respect to the variable follow-
165
ing the comma.
166
The velocity potentials can be decomposed by separating the vertical variable z and the time t 167 from each component as
where
This procedure leads to the sea bottom condition being automatically satisfied, and the lin-170 earized free surface boundary condition is satisfied using the following dispersion relationship
The relationship between the total velocity potential, and the scattered, and incident wave ve-172 locity potentials is
Taylor (1956) showed that the fluid flow passing through the porous boundary can be essentially 174 assumed to obey Darcy's law if the boundary is made of fine pores. Hence, the porous flow velocity 175 is linearly proportional to the pressure difference between the two sides of the porous boundary,
176
and the boundary condition on exterior porous cylinder can be expressed as
where G 0 = ρωd µk (Chwang and Li, 1983) , is a measure of the porous effect, µ is the coefficient 178 of dynamic viscosity, d is a material constant having the dimension of a length, and n denotes the 179 normal to the boundary. Such an approach was firstly applied to wave study by Chwang (1983) 180 and subsequently by many other researchers.
181
Thus, the problem becomes to two-dimensional at the free surface. The function φ and porous cylinder, and the radiation condition at infinity, namely, the Sommerfeld condition as 184 follows:
where r is the radial axis, and i = √ −1.
186
The function φ 1 (x, y) in Ω 1 is governed by the Helmholtz equation with the boundary condi-
187
tions at the interface of fluid and interior solid cylinder at r = a and exterior porous cylinder at 188 r = b:
The velocity potential of the linear short-crested incident wave (Fuchs, 1952) travelling princi-190 pally in the positive x direction is given by the real part of
Eqs. (11)- (16) 
SCALED BOUNDARY FINITE-ELEMENT TRANSFORMATION
197
In this section, φ 1 and φ S 2 will both be denoted as φ for brevity, and the region Ω j will be 198 denoted as Ω. If the velocity boundary is defined by Γ v , we have
where the overbar denotes a prescribed value.
200
The finite-element method requires the weighted residuals of the governing equation to be zero. 
By employing SBFEM, an approximate solution of φ is sought as
where N(s) is the shape function, the vector a(ξ) is analogous to the nodal values same as in FEM.
213
The radial function a j (ξ) represents the variation of the scattered wave potential in the radial axis 
221
By performing scaled boundary transformation, the operator ∇ can be expressed as (Wolf,
:
where b 1 (s) and b 2 (s) are dependent only on the boundary definition
and |J| is the Jacobian at the boundary
From Eqs. (18) and (25), the approximate velocity can be expressed as
Applying the Galerkin approach, the weighting function w can be formulated using the same 228 shape function as in Eq. (24) 229
Substituting Eqs. (24), (25), (29) and (30) 
where the incremental volume (Wolf, 2003) is
For convenience, coefficient matrices are introduced here as
The above integrals Eqs. (33)- (36) parts with respect to ξ using Green's theorem leads to
To satisfy all sets of weighting function w(ξ), the following conditions must be satisfied:
Eq. (41) 
244
Boundary conditions, Eqs. (12) and (13) or Eqs. (15) and (16), are weakened in the form of
245
Eqs. (40) and (39) respectively, indicating the relationship between the integrated nodal flow on 246 the boundary and the velocity potentials of the nodes. For the wave diffraction problem in the 247 unbounded region Ω 2 , ξ 0 = 1 on the boundary of exterior porous cylinder and ξ 1 = +∞ at infinity.
248
For the boundary-value problem in the bounded annular region Ω 1 , ξ 0 = 0 and ξ 1 = 1.
249
SOLUTION PROCEDURE
250
For the exterior porous cylinder, we have
From Eqs. (23), (26), (27), (29) and (33)
, and M 0 can be calculated accordingly. The following relationships hold:
where I is the identity matrix of rank m.
254
Using Eq. (43), pre-multiplying both sides of Eq. (41) The solution for a 2 (ζ) is then expressed in the series form:
where T j are vectors of rank m, c j are coefficients, H r j (ζ) are the Hankel functions of the first 262 kind, and
where "diag" denotes a diagonal matrix with the elements in the square brackets on the main 264 diagonal.
265
Substituting Eq. (47) into Eq. (45), and using the following properties of Hankel function
argument ζ respectively, we have
For any c j H r j (ζ), Eq. (53) yields
Let λ j be the eigenvalues of E −1 0 E 2 , then r j = λ j , and T j are the eigenvectors of E
Since the Sommerfeld radiation condition (13) or (39) has been satisfied by the Hankel func-271 tions, we now only consider the body boundary condition (40) of the circular cylinder
wherev S 2n is the vector of nodal normal velocity of scattered wave in region Ω 2 on the body bound-273 ary.
274
Solution for bounded domain Ω 1
275
Similar approach is applied to the region Ω 1 . Assume
where c Bessel functions of the second kind, and
Again if λ j is the eigenvalues of E −1 0 E 2 , then r j = λ j , and T is the eigenvector of E 
wherev 1n is the vector of nodal total normal velocity in region Ω 1 on the body boundary of exterior 282 cylinder.
283
Combining Eqs. (10), (21), (24), (44), (47), (55), (56) and (62), and noting
wherev I 2n is the vector of nodal normal velocity of incident wave in the region Ω 2 on the body 285 boundary of the exterior cylinder, a 1 (ξ) and a 2 (ξ) are solved as
and
For the limiting case of short-crested wave interacting with a hollow porous cylinder, i.e. a = 0, 289 a 1 (ξ) and a 2 (ξ) are
Using Eqs. (4), (5), (17), (21) and (24) (6), (9), (24), (64) and (65), the approximation of velocity potential 293 in both region Ω 1 and region Ω 2 can be obtained.
294
All the other physical properties of engineering interest including velocity, surface elevation,
295
and pressure can now be determined based on the velocity potentials by Eqs. (18)- (20). The 296 total force per unit length on the cylinder in the principal direction of wave propagation is then 297 calculated as:
where the function P (k x , k y , k, R) is the dimensionless parameter of dF x /dz without the term 299 ρgA · Z(z)e −iωt and R is the radius of the cylinder (a or b).
300
The function P (k x , k y , k, R) determines the first-order total horizontal force in x direction on 301 the cylinder, F x , which can be obtained by integrating Eqs. (80) with respect to z,
The total moment about an axis parallel to the y-axis passing through the bottom of the cylinder
It can be concluded from Eqs. (81) and (82) 
where U is the velocity of the incident waves at the origin of the cylinders in their absence and the 309 dot represents its time derivative.
310
From Eqs. (17), (80) and (84), we have
where P r and P i are the real and imaginary parts of P (k x , k y , k, R) respectively.
312
From Eq. (85), the total horizontal force without the constant terms can be expressed as
NUMERICAL MODEL VALIDATION
314
The principal steps taken to validate the present SBFEM scheme and solution procedure are (1) means of minimizing wave loads on both cylinders.
392
Three types of variation patterns in wave forces are observed in Fig. 12 . For small k x a (k x a = 393 0.2), the horizontal force increases gently to a peak and then decreases mildly. For moderate 394 k x a (k x a = 0.4, 0.6), the curves are seen to slowly translate leftwards (starting with larger ka).
395
Initially, the horizontal force is seen descending slightly, followed by a sharp drop off and finally cylinder. This important characteristic in the forces can be effectively applied in a design to reduce 400 the wave impact on coastal and offshore porous structures.
401
The effect of the annular spacing between the cylinders is investigated and the results are pre- important for the designer in order to minimize the hydrodynamic loads on practical structures.
416
The influence of the porous-effect parameter G 0 on wave forces is examined in Fig. 16 with 417 diameter ratio of b/a = 2 and a = 1 m. Three cases are presented in the figure: (
to a short-crested incident wave and two plane incident waves, respectively. It can be seen that the 420 total horizontal force on the interior cylinder increases monotonically, while the total horizontal 421 force of the exterior cylinder decreases monotonically as G 0 increases. The variation in forces is 422 slow at higher G 0 , approaching an asymptotic value in each case.
423
Surface elevation
424
It is interesting to study the changes in the wave surface elevation in the vicinity of the concen-425 tric porous cylindrical structure for varying incident wave parameters and structure configuration. 
